Stagnation pressure and heating for cylinders and spheres representative of wing leading edges and nose sections for small-scale space transportation vehicles are presented for various Knudsen numbers at Earth entry conditions that bridge from the free molecular to continuum regimes. CFD, DSMC, and collisionless DSMC are used to span Knudsen numbers from 0.001 to 100 with the CFD/DSMC overlap at a Knudsen number of 0.01 and the DSMC/collisionless DSMC overlap at 10. The present results include density contours, density and temperature along the stagnation streamline for all cases, and stagnation pressure and heat transfer coe cient as a function of Knudsen number. Introduction A CCURATE and credible prediction of threedimensional leading edge aerothermodynamic characteristics in the transitional ow regime at and near rare ed ight conditions bridging from continuum to rare ed ow is a challenge. For small-scale space transportation vehicles, including small experimental X-vehicles, crew transfer vehicles (CTV), or crew and cargo transfer vehicles (CCTV), and future air breathing vehicles having extremely sharp leading edges, rarefaction phenomena are extremely important as maximum heating may occur on leading edges in the rare ed, as opposed to continuum, regime. Also, heating loads may be di erent than inferred from continuum approaches. These mispredictions in the aerothermal environment m a y h a ve corresponding negative e ects in the TPS material selection and sizing.
For predicting the ight aerothermodynamics in the transitional ow regime, numerical techniques are relied on to a greater extent to de ne leading edge ow eld and surface e ects than experimental techniques. Few experimental rare ed ow facilities are available to test models representative o f complex, threedimensional space transportation vehicles. Also, for most experimental wind tunnel model scales of these vehicles, leading edge dimensions do not lend to accurate discrete measurements because the sensor size is of the same magnitude as the leading edge and, for a single data point, integrates the loads over a signi cant portion of the leading edge. Three-dimensional heat conduction a ects small model leading edge measurements because it di uses the ow induced heating and reduces the maximum heating value. Also, global leading edge measurement techniques that visualize the surface, such as pressure sensitive p a i n t, infrared thermography, or thermographic phosphors, su er from rapid pixel-to-pixel viewing angle changes, insu cient pixel coverage, and three-dimensional conduction as with discrete heat transfer measurements. Numerical techniques also have their limitations, which m ust be addressed. Commonly used numerical techniques to provide aerothermodynamic estimates in the transitional ow regime at and near rare ed ow conditions are computational uid dynamics 1 (CFD) and direct simulation Monte Carlo 2 (DSMC). In gen-eral, CFD is applicable to the continuum regime, although with some approximations to the near surface ow, it can provide solutions into the transitional ow regime. Additionally, CFD o ers a complication of nely gridding the ow about leading edges, which p r oduce large ow gradients, and joining these regions to coarser gridding over acreage regions of the body.
Of available numerical techniques, DSMC o ers the most accurate and credible solution method for the rare ed and near rare ed condition. However, because the method is probabilistic, i.e., it tracks movements and collisions of simulated molecules and statistically samples the positions and surface interactions, it requires long run times on a computer. In addition, as the ow condition approaches the continuum from the rare ed regime, the DSMC method requires many more simulated molecules and the attendant larger computer memory and longer CPU run times. Yet this computer hardware restriction has recently been diminished with the introduction of larger multi-processor computers and DSMC software written speci cally for three-dimensional problems using parallel processing algorithms to take advantage of multi-processor computer architectures.
Motivation
The intent of this study is to employ a threedimensional DSMC algorithm 3 to assess its usefulness in providing three-dimensional leading edge ow eld and surface solutions for ow at and near rare ed ight conditions with application to current and future aerospace vehicles. The particular issues that are investigated in this study are verifying the threedimensional DSMC results by comparison with a validated 2-D/axisymmetric DSMC algorithm 4 and CFD algorithm, 5 determining the bridging relationship of the stagnation point v alues over a range of K n D from continuum to free molecular, and providing guidance for the transition from CFD to DSMC and from DSMC to collisionless DSMC.
By verifying the three-dimensional results in the transitional ow regime, greater acceptance will be gained in applying the DSMC technique to obtain aerothermodynamic de nition on leading edges, where the technique more closely represents the ow p h ysics than the the current CFD options. As computer capability increases both in speed and memory, threedimensional DSMC will become the defacto method for near rare ed transitional ow regime solutions, and veri cation of the technique, such as performed in this study, will prove useful in providing con dence in extending the applicable K n D range of DSMC.
In addition, results of this study will be useful in providing applicability limits of CFD, DSMC, and collisionless DSMC techniques. In the present study, CFD is performed for K n D = 0.001 and 0.01, DSMC for 0:01 K n D 10, and collisionless DSMC for Fig. 1 Similarity b e t ween simple geometric shapes and wing leading edges and nose sections of smallscale space transportation vehicles.
K n D = 10 and 100. At K n D = 0.01, CFD and DSMC results overlap, and at K n D = 10, DSMC and collisionless DSMC results overlap. The ow regime changes from continuum to transitional and from transitional to free molecular, respectively, near these Knudsen numbers, and by performing overlap calculations at these conditions and analyzing the results, the suitability o f e a c h technique at the overlap can be assessed.
Methodology
For this study, the strategy chosen is to apply 2-D and 3-D CFD and DSMC techniques to simple cylindrical and spherical geometries at various ight conditions that span 0:001 < K n D < 100. Shown in Figure 1 are two ight vehicles that are designed to travel through this transitional regime. Also shown on the gure is the geometric similarity b e t ween a cylinder and sphere, which are presently studied, and wing leading edges and nose sections.
A diameter of D = 0.1 m was chosen for this study because it is close to the wing diameter of the small-scale space transportation vehicles shown in Figure 1 . Further, the wall is assumed noncatalytic with a T w = 300 K to produce large temperature variation through the shock l a yer and to exercise the techniques to a greater extent near the wall. For all cases, a constant velocity of V 1 = 6000 m/s is speci ed, the air properties and composition was obtained from the 1976 U.S. Standard Atmosphere, 6 and reacting gas chemistry is utilized. Table 1 shows free stream conditions at various altitudes taken from the standard atmosphere.
A sketch of the coordinate system for the cylinder and sphere numerical solutions is presented in Figure 2 . Note that the cylinder and sphere are centered in the x y z system with the free stream ow proceeding in the x-direction. Also, in the results presented subsequently, the coordinates are normalized by the radius, R. As mentioned previously, the molecular analysis is performed by the DSMC Analysis Code (DAC), 3 which is a three-dimensional code with both scalar and parallel processing options. DAC has achieved a signi cant acceptance for rare ed three-dimensional applications. The parallel version is currently employed to produce DSMC solutions over the majority of the K n D range. Collisionless DSMC provides solutions in the high K n D region G2 code 4 results are utilized to anchor and verify DAC results throughout the the K n D range and GASP 5 CFD provides continuum solutions and bridges to the near continuum DAC results. The DAC code requires a triangulated surface grid o f t h e b o d y o f i n terest, which is then positioned into a Cartesian ow eld grid, for the DSMC solution. In this study, the 2-D, axisymmetric, and 3-D options of the DAC code were exercised. Therefore, three surface grids were built for the DSMC portion of the study, one for the cylinder and two for the sphere. In addition, the DSMC solutions included the wake region so that the entire surface geometry was modeled. The surface grid for the 2-D cylinder consisted of 360 triangles to completely enclose the geometry, and the sphere was composed of 12,363 surface triangles. Note that a 5 slice of the sphere with 146 triangular elements is the geometry for the axisymmetric DAC c a s e (K n D = 0 :01).
Both the cylinder and sphere CFD solutions were only about the windward portion of the geometry and the out ow boundary condition used is an extrapolation from the interior, which is appropriate because the ow exiting the grid is supersonic. Because the solution was 2-D, the grid used for the cylinder consists of 257x361x2 points with 257 points away f r o m t h e w all. For the sphere, the grid is composed of two blocks. The block w i t h the stagnation region is a 37x37x81 point block with 81 points away from the wall. The stagnation region block w as constructed with no singularity at the stagnation point so that di culties associated with solutions about a singular point were avoided. The second block of the sphere ow eld patched the stagnation region with the out ow boundary. For both geometries, the grid normal to the wall is closely clustered to resolve the large gradients at the stagnation point and spacing proceeds away f r o m the wall with an exponential factor of = 1 :001.
Fully reacting chemistry models are used for both the DSMC and CFD solutions. DAC solutions employ translational, rotational, vibrational, and chemical energy transfer modes between six molecules and atoms (N 2 , O 2 , NO, N, O, and Ar). The present application of DAC uses rotational and vibrational relaxation numbers of 5 and 50, respectively. GASP CFD solutions utilize the non-equilibrium, nite-rate, 5-specie (N 2 , O 2 , NO, N, and O) chemistry model of Kang and Dunn with vibrational energy taken into account for the three diatomic molecules.
Results and Discussion
This section presents results from the 22 ow solutions that are given in Table 2 . Discussed in the rst section is numerical uncertainty of the molecular and continuum techniques. Next, results consisting of ow eld density contours, temperature and density variation along the stagnation streamline from the free stream condition to the wall, maximum atomic oxygen and nitrogen along the streamline, temperature (overall, translational, rotational, and vibrational) variation along the stagnation streamline for the K n D = 0.01 case, and the stagnation pressure and heating are given. The contours will show the e ect of rarefaction of the overall ow eld. Presented next, temperature and density along the stagnation streamline more clearly show the e ect of varying Knudsen number on the shock layer structure. Also, along the stagnation streamline, the maximum mole fraction of atomic oxygen and nitrogen and the overall, translational, rotational, and vibrational temperature mode distribution will allow an assessment of the degree of chemical and thermal nonequilibrium of the ow. Finally, the stagnation pressure and heating as a function Knudsen number will exhibit the degree of agreement between the various techniques and the bridging of these surface properties from the continuum to the rare ed regime.
Properties presented in this section are normalized by an appropriate factor. Temperature and density a r e normalized by the free stream values given in Table 1 . The normalization factors for C p and C H are given in Table 3 . Table 3 Normalization factors for Cp and CH. Numerical Uncertainty A major source of numerical uncertainty associated with applying both the DSMC and CFD techniques is the user de ned grid therefore, a brief discussion of this source of uncertainty speci c to the present study is presented. As mentioned previously, the DAC DSMC requires a triangulated surface geometry description, which is placed in a Cartesian grid and the simulation is performed within the grid. One of the primary uncertainty sources is the grid in a high gradient region such as a shock wave or ow near the body. The DAC series reduces this uncertainty source by including a preprocessing code that produces an adapted Cartesian grid. Application of the regridding process is controlled by the user. For this study, m ultiple adaptations were performed to ensure that the grid in regions of large gradients and near the surface were dimensioned to less than the mean free path resolution. Sub-mean free path gridding is required to resolve completely the surface quantities with DSMC (For example, see Moss, et al. 7 ).
For CFD, ow e l d c o n vergence, which is a function of both the solution L 2 norm and the grid density, a ects the solution uncertainty. The CFD solutions of the present study were advanced through a coarse, medium, and ne grid to accelerate convergence and allow a comparison of the solution at the various grid densities. After the solution was converged on the coarse grid, it was interpolated onto the ner grid and the solution converged again. The grid density change from the coarse to medium grid is accomplished by increasing the number of computational cells by a factor of 2 all directions likewise, the change from a medium to ne grid is produced by increasing the number of cells by a f a c t o r o f 2 in all computational directions. For the present CFD cases, when the L 2 norm decreased between 5 to 7 orders of magnitude and the L 2 norm, surface pressure, and heating became steady, the solution was assumed converged. In addition, when converged solutions on the medium grid, were compared with the ne grid solution, the stagnation pressure di erence was less than about 2% and the stagnation heating less than about 5%.
Density Contours
Density contours for the K n D = 0.001, 0.01, 10, and 100 cases are presented in this section for both the cylinder and sphere. These Knudsen numbercases were chosen because they represent the end points of study (K n D = 0.001 and 100) and the cross over points where two techniques were applied (K n D = 0.01 and 10). Cylinder Shown as Figures 3, 4 , 5, and 6 are the ow eld contours for a cylinder at the K n D = 0.001, 0.01, 10, and 100, respectively, and the free stream conditions given in Table 1 . For the continuum ow case (Figure 3) , the CFD solution of the ow eld shows a sharp bow shock with a high density stagnation region. The contours also show that as the ow proceeds both above and below the cylinder, the density decreases because, away from the stagnation region, the ow is allowed to expand. Shown as Figure 4 are the density c o n tours for the K n D = 0.01 condition. At t h i s K n udsen number,both DSMC and CFD solutions were obtained because the condition is near the transition from continuum to transitional ow. The ow eld shown on the upper portion of the gure is taken from the DSMC solution a n d t h e o n e o n t h e l o wer portion is taken from the CFD solution. These density contours are very similar with the exception of the di use nature of the DSMC bow shock leading edge, which is most apparent where the two contours meet along the y/R = 0 line. Because the DSMC technique more closely simulates the probabilistic nature of the ow physics at this condition, the upper contour probably better describes the ow. Also, note that the DSMC solution models the ow about the cylinder including the wake region shadowed by the cylinder. A comparison of the DSMC and CFD ow eld at the CFD out ow boundary (x/R = 0) shows little di erence, which lends credence to not modeling the wake region with the CFD.
The next contours, shown in Figure 5 , are at the K n D = 10 ow condition, which is near the transition between the transitional and free molecular ow regimes. The comparison shown on the gure is between a DSMC and collisionless DSMC solution. Because free molecular ow is collisionless, the DSMC code with the collision routine disabled properly represents a free molecular condition. Figure 5 shows that for either case, no distinct bow shock is present, only a di use region with a gradual density increase as the ow approaches the cylinder. The collisionless DSMC solution for this Knudsen number has a higher density region further forward of the cylinder than the DSMC solution. The 2-D nature of the cylinder ow with no relief in the z-direction does not allow molecules to travel non-preferentially after a collision. Moreover, this e ect shows that for the 2-D K n D = 1 0 o w condition, collisionless DSMC is not applicable to de ne this ow.
The nal cylinder ow contour shown is Fig. 10 Sphere ow eld density contours for K n D = 100 from collisionless DSMC. Table 1 and the ow eld density s h o wn in the gures is normalized by the free stream density given in the table. Figure 7 shows the CFD ow eld for the most continuum condition (K n D = 0.001). Note that a sharp bow shock is produced in front of the sphere as the ow encounters it. When compared with the cylinder ow eld at the same Knudsen number (Figure 3) , the sphere bow w ave is closer to body because the spherical geometry provides a 3-D ow relief, thus allowing the closer bow shock. employed to produce the ow eld solutions shown in Figure 8 . The ow eld at this free stream condition is near the transition between continuum and transitional ow. Note that a DAC DSMC axisymmetric solution was required for this case to provide the grid density needed to accurately describe the near wall ow gradients with sub mean free path resolution. As with the cylinder results, DSMC density contours are on the upper half of the gure and CFD contours a r e o n t h e l o wer half. The DSMC bow shock i s m o r e di use at its leading edge than the CFD because, as discussed previously, the DSMC provides a better representation of this ow regime than the CFD. Again, the DSMC ow eld includes the wake portion behind the sphere and, as was seen with the cylinder ow e l d , the CFD contours at the out ow boundary are similar to the DSMC contours at the some location. The next density contours for the sphere are shown in Figure 9 for K n D = 10, which is near the Knudsen number between the transitional and free molecular ow regimes. Like the cylinder contours shown in Figure 5 , the contours on the upper half of the gure are from the DSMC solution and the collisionless DSMC contours are on the lower half of the gure. The bow shock is not distinguished with a sharp gradient associated with continuum ow, and the density contours in front of the sphere gradually rise as the ow m o ves closer to the sphere. Unlike the cylinder results where the ow eld is disturbed further upstream, a comparison of the two sphere density contours on Figure 9 shows similarity. The 3-D ow relief of the sphere simulation allows the collisionless technique to better model this condition than the 2-D collisionless simulation used for the cylinder. Therefore, the use of a collisionless simulation at this Knudsen number is better justi ed for a 3-D simulation. The K n D = 100 density contour gure for the sphere (Figure 10 ) is the nal one presented in this section. Collisionless DSMC is employed to produce a solution for this free molecular ow eld. Compared to the 2-D cylinder density contours (See Figure 6 .), the sphere contours do not extend as far forward as with the cylinder. As discussed previously, the nature of the sphere simulation allows the molecules, which encounter the sphere, to re ect into a 3-D space, thus lessing the forward re ected molecules and better modeling the ow.
Stagnation Streamline Results
The variation of normalized temperature and density along the stagnation streamline in the ow direction for each of the GASP CFD, DAC DSMC, and collisionless DAC DSMC cases, given in Table 2 , is presented in this section. The cylinder and sphere results are grouped from the continuum to the most rare ed condition in the following order: rst, temperature and density for the CFD cases (K n D = 0.001 For the cylinder CFD cases, Figure 11 shows, for increasing Knudsen number, or decreasing free stream density, s h o c k stando distance increases and the temperature and density gradient at the leading edge of the bow shock decreases. Also, for the K n D = 0.01 case, the initial temperature rise before encountering the bow s h o c k occurs earlier, or further from the body, than for the K n D = 0.001 case showing the e ect of a less continuum like o w. In addition, the maximum normalized temperature for K n D = 0.01 case is larger than for K n D = 0.001.
The sphere CFD results at the same conditions are given as Figure 12 . Although the sphere ow eld properties show the same trends as those of the cylinder, they occur much closer to the surface because the 3-D relief of the ow about the sphere. Also, note that for both the cylinder and sphere cases, a sharp gradient in both temperature and density occurs near the wall because of the imposed 300 K wall temperature.
Next, at K n D = 0.01, a comparison between the CFD and DSMC stagnation streamline temperature and density for the cylinder, shown in Figure 13 , and for the sphere, shown in Figure 14 , is presented. The gures show that temperature and density gradients for DSMC are less than those for CFD, which w as also shown in the density contour comparisons at the same Knudsen number (See, for example, Figures 4 and 8 for the cylinder and sphere, respectively.). Note, however, that the comparison for the cylinder is better than that for the sphere { the maximum temperature rise and the temperature and density w all gradient a r e closer. Even though the CFD and DSMC cylinder re- sults are in better agreement than those for the sphere, in general, the proper treatment of the solution at this condition is by performing DSMC, which allows for a more realistic shock w ave structure to evolve as compared to the CFD calculation. Figures 15 and 16 show the normalized temperature and density along the stagnation streamline for the cylinder and sphere, respectively, o ver the Knudsen number range 0:01 K n D 10 as predicted by the DSMC technique. For both geometries, as the ow is initially a ected by the body, the tempera- ture and density increase, but the gradient decreases as the Knudsen number increases. Also, the maximum overall temperature for K n D = 0 . 1 , s h o wn in both gures, is greater than for the other Knudsen numbers. Therefore, the thermal nonequilibrium aspects of the K n D = 0.1 case will be examined in greater detail subsequently.
A comparison between DSMC and collisionless DSMC for a cylinder at K n D = 1 0 i s shown next as Figure 17 . As discussed previously with the compari- son of Figure 5 , the collisionless DSMC allows re ected molecules to return upstream without colliding with downstream moving molecules, which causes higher upstream density contours than the DSMC case. A comparison of the temperature distributions shows the collisionless DSMC temperature is much greater than that of the DSMC (See Figure 17. ). This is because the collisionless overall temperature shown on the gure is only composed of the translational component, a gross measure of the average molecular speed, which for this case, has contributions from molecules streaming in both directions therefore, showing the collisionless assumption for the cylinder at this condition is not appropriate.
The comparison for the sphere at the same conditions is shown as Figure 18 . Unlike the cylinder, the sphere streamline temperature results for the two t e c hniques are in much better agreement. In addition, the sphere density distributions are in good agreement, whereas, the cylinder density distributions shown in Figure 17 are not similar. Overall, the cylinder and sphere results show the di erence between imposing a 2-D collisionless DSMC ow assumption, which i s v ery restrictive, and 3-D collisionless DSMC at this Knudsen number.
The nal comparison along the stagnation line is between the collisionless DSMC results at K n D = 1 0 and 100, which are shown on Figures 19 and 20 , respectively, for the cylinder and sphere. Although, for the cylindrical ow eld, the K n D = 10 collisionless DSMC has been shown not to be appropriate, it is included as a reference to compare with the K n D = 100 case. The cylinder temperature and density distri- bution comparison shows that both Knudsen number cases exhibit the same behavior over the x/R range shown that is, the overall temperature drops as the ow e n c o u n ters the cold wall Also, the density distributions are nearly the same.
The sphere results, shown in Figure 20 , however, have a di erent temperature distribution, which rises to a maximum value close to the sphere, then drops as the ow encounters the cold wall. This rise and fall is characteristic of three dimensional scattering of the molecules from the sphere surface.
The maximum mole fraction of atomic oxygen and nitrogen along the stagnation streamline is presented next as Figure 21 . This gure is included to show the degree of chemical nonequilibrium along the stagnation streamline for Knudsen numbers over the range 0:001 K n D 1. The gure includes both the CFD and DSMC results for the cylinder and sphere. Line segments are also included between the calculated points in the gure only to distinguish the cylinder from the sphere results, not to provide an interpolation between the data points. The trend shown in the gure is that a maximum O and N in the shock l a yer occurs for K n D = 0.001, with a signi cant O mole fraction concentration (greater than 30%). Note that the O mole fraction is greater than the N because O 2 dissociates at a lower energy level than N 2 . Also, the cylinder ow e l d shows a greater degree of dissociation than the sphere because the cylinder shock l a yer is thicker, which provides a greater residence time for the ow dissociation to proceed. In addition, the gure shows that for K n D 0:1, chemical dissociation becomes less signi cant in the ow calculation. Therefore, it is essential to include a chemistry model in a ight environment stagnation ow calculation for the more continuum-like portion of the transitional regime, that 10 is, for the range K n D < 1.
As previously indicated, the maximum temperature along the stagnation streamline for the K n D = 0.1 case, shown for the cylinder and sphere in Figures 15  and 16 , respectively, was greater than for the other Knudsen number cases and may show the e ects of thermal nonequilibrium therefore, the overall, translational, rotational, and vibrational temperature components for these two cases are presented and discussed. Also note, as shown in Figure 21 and discussed previously, c hemical nonequilibrium e ects are present, but not signi cant for this case.
Results for the cylinder are shown in Figure 22 , and for the sphere, in Figure 23 . The extent of thermal nonequilibrium is indicated by the temperature proles for each energy mode. Note that for this case, as shown in the gures, all three energy modes are activated inside the shock layer as the ow approaches the body. The energy distribution of the ow is related to the translational and internal (rotational and vibrational) temperatures. The cylinder ow has a greater rotational and vibrational temperature than the sphere ow ( Compare Figures 22 and 23.) , perhaps because the thicker cylinder shock l a yer allows a greater degree of equilibration than the sphere shock layer, which may, in part, be chemically frozen and have a higher degree of thermal nonequilibrium because of the thinner sphere shock l a yer. In any e v ent, to accurately predict this ow eld, a technique, which accounts for local thermal nonequilibrium e ects of the ow, is needed. In addition, Cuda and Moss 8 and Moss, et al. 9 found signi cant thermal nonequilibrium e ects from bodies at ight conditions near the same altitude as for the present K n D = 0.1 case. Although not presented graphically, an examination of the various temperature modes for the cylinder and sphere at the K n D = 0.01, 1, and 10 conditions was performed. At K n D = 0.01, the ow in the shock l a yer was nearly in thermal equilibrium, and at the higher altitudes (K n D = 1 and 10), the internal energy modes were essentially frozen at the free stream condition and were not in thermal equilibrium.
Stagnation Point Results
Presented are the stagnation point v alues from the 22 cases that are shown on Table 2 . These single point values of pressure and heating are given in coe cient form as C p and C H with the normalization constants taken from Table 3 . The Knudsen number range of the data is 0:001 K n D 100, which spans from the continuum to the free molecular regime for the cylinder and sphere conditions, and de nes the C p and C H bridging relations for the two geometries over the Knudsen number range. Figure 24 shows the cylinder results, and Figure 25 The pressure coe cient for both the cylinder and sphere, shown in Figures 24 and 25 , respectively, starts at a continuum value of about C p = 1.9 at K n D = 0.001 and increases to a value of about 2.1 at the free molecular condition (K n D = 100). There is a noticeable di erence between the cylinder and sphere C p at the end points of the data where the cylinder results are closer to C p = 2 than the sphere results. Also, there is a dip in the cylinder C p value at K n D = 0 . 0 1 . Moss, et al 10 show a dip in drag coe cient at about the same Knudsen number for the Path nder aeroshell shape. In addition, the collisionless DSMC cylinder result at K n D = 10 is higher than the DSMC result, but for the sphere, they are nearly the same. As discussed above and shown by comparisons in Figures 17 and 18 , the reason the sphere DSMC and collisionless DSMC results more closely match i s t h a t t h e 3 -D o w eld of the sphere is better modeled than that of the cylinder.
Heat transfer coe cient for the cylinder and sphere is now discussed. For both geometries, the range of heat transfer coe cient is 0:1 C H 1 from the continuum (K n D = 0.001) to the free molecular (K n D = 100) regime, respectively. In addition, the cylinder C H rise lags the sphere C H rise with increasing K n D by about 1/2 an order of magnitude. This may be because the sphere shock l a yer is thinner and closer to the body with attendant higher gradients. These higher gradients in ow properties promote rarefaction e ects more quickly than with the thicker cylinder shock layer with longer ow resident time scale for energy relaxation. At K n D = 0.01, the point where both CFD to DSMC solutions were obtained, the CFD C H is larger for both the sphere and cylinder however, the sphere CFD result is greater than the cylinder result, which is close to the DSMC result. This may show that CFD can provide an adequate cylinder stagnation heating estimate at K n D = 0.01, but cannot for the sphere. In addition, previous studies that provide CFD and DSMC solutions as a function of Knudsen number show that the CFD predictions are greater than DSMC predictions at the continuum transition (For example, see Cuda and Moss 8 and Gupta. 11 ). Based on the results at K n D = 0.01 where both CFD to DSMC techniques were implemented, CFD may be used to obtain stagnation values for the cylinder, but, for the sphere, DSMC is needed.
At K n D = 10, which is the condition that both the DSMC and collisionless DSMC solutions were obtained, the collisionless DSMC cylinder and sphere results are greater than the DSMC with the di erence between the cylinder results greater than with sphere results, which have little di erence. Because both sphere stagnation heating results are close at the K n D = 10 condition and the cylinder results are not, a c hange in solution methods from DSMC to collisionless DSMC is better justi ed at this condition for the sphere than for the cylinder. Also, for a 3-D blunt con guration, Moss, et al. 10 show that free molecular ow begins at a Knudsen number of order 10.
Concluding Remarks CFD, DSMC, and collisionless DSMC were utilized to provide solutions for a cylindrical and spherical geometry at reentry ight conditions, which span the Knudsen number range 0:001 < K n D < 100. In particular, state-of-the-art computer programs are exercised for this problem to assess the applicability. Density c o n tour comparisons, stagnation point streamline temperature and density distributions, and stagnation point values are shown for most of the cases. In addition, a comparison between 2-D/axisymmetric G2 results and 3-D DAC results is provided to anchor the 3-D DAC results The results at the stagnation point compare well and show the 3-D DAC DSMC is equivalent to the G2 DSMC.
At K n D = 0.01, near the continuum change to the transitional regime, CFD and DSMC solutions were obtained. For both the cylinder and sphere ow, CFD and DSMC ow elds di er, with the DSMC shock layer extending further from the surface. However, unlike t h e sphere results, the CFD and DSMC cylinder stagnation point v alues are nearly the same. Similarly, at K n D = 10, the DSMC and collisionless DSMC are compared near the change from the transitional to the free molecular regimes. Neither the ow eld nor the surface quantities for the cylinder compare well between the DSMC and collisionless DSMC. However, the spherical ow results, which properly simulate the 3-D nature of the K n D = 10 condition, match more closely.
Chemical and thermal nonequilibrium e ects were identi ed by examining the atomic oxygen and nitrogen concentration and the translational, rotational, and vibrational temperature components along the stagnation streamline for various cases. For the ight condition in the transitional regime, chemical nonequilibrium e ects are signi cant at K n D = 0.001 and should be included for calculations where K n D < 1. Thermal nonequilibrium was also shown to be important, especially for K n D 0:1.
In addition, the bridging of the cylindrical and spherical stagnation point pressure and heating over the 0:001 K n D 100 is presented. For the conditions of the study, pressure coe cient varies little from a value of C p = 2 h o wever, heat transfer coecient v aries from about 0.1 at the continuum limit to 1 at the free molecular limit.
